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RELIABILITY BARRIER INTEGRATION 
FOR CU APPLICATION 

Field of the Invention 

The present invention relates to a deposition sequence and related hardware for 
manufacturing a plug and line typical of a dual damascene structure utilizing a thin conformal barrier 
layer formed on the via walls. 

Background of the Invention 

Modem semiconductor integrated circuits usually involve multiple layers separated by 
dielectric (insulating) layers, such as silicon dioxide or silica, often referred to simply as an oxide 
layer, although other materials are being considered for use as the dielectric. The layers are 
electrically interconnected by holes penetrating the intervening oxide layer which contact some 
underlying conductive feature. After the holes are etched, they are filled with a metal, typically 
aluminum (however the trend now is to move towards copper) to electrically connect the bottom 
layer with the top layer. The generic structure is referred to as a plug. If the plug is connected to 
siUcon or polysilicon, the plug is a contact. If the plug is connected to a metal, the plug is a via. 

Plugs have presented an increasingly difficult problem as integrated circuits are formed with 
an increasing density of circuit elements because the feature sizes have continued to shrink. For 
logic appUcations, the thickness of the oxide layer seems to be constrained to the neighborhood of 
l//m, while the diameter of the plug is being reduced fi'om the neighborhood of 0.25/^m or 0.35//m 
to O.lSAim and below. As a result, the aspect ratios (the ratio of the depth to the minimum lateral 
dimension) of the plugs are being pushed to 5: 1 and above. 

As sizes continue to decrease, the characteristics of the material forming the plugs become 
increasingly important. The smaller the plug, the less resistive the material forming the plug should 
be for speed performance. Copper is a material which is becoming more important as a result. 
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Copper has a resistivity of 1 .7 /^Q.cm. Copper has a small RC time constant thereby increasing the 
speed of a device formed thereof In addition, copper exhibits improved reliability over aluminum 
in that copper has excellent electromigration resistance and can drive more current in the lines. 

One problem with the use of copper is that copper diffuses into sihcon dioxide, silicon and 
5 other dielectric materials. Therefore, barrier layers become increasingly important to prevent copper 
from diffusing into the dielectric and compromising the integrity of the device. Barrier layers for 
copper applications are available for inter-dielectric applications. The use of a thin silicon nitride 
(SiN) layer on the interlayer dielectric will effectively inhibit interlayer diffusion. Within the same 
dielectric layer it is difficult to provide an effective barrier to prevent leakage between lines. Several 

yPO technologies are presently under investigation which add a barrier liner to the via sidewall separating 

u} 

01 the copper metal from the interlayer dielectric. Common physical vapor deposition (PVD) 

LH 

hi technologies are limited in high aspect and re-entrant structures due to the directional nature of their 
: ; deposition. The barrier thickness will depend directly upon the structure architecture with the barrier 

0§ becoming thinner on the sidewall near the structure bottom. Under overhangs on re-entrant 
C|5 structures the barrier thickness, and therefore the barrier integrity, will be compromised. 

In contrast, CVD deposited films are by their nature conformal in re-entrant structures. 
4^' Further, CVD deposited fihns maintain a high degree of conformity to the structure's lower interface. 

Silicon nitride (Si^Ny) and titanium nitride (TiN) prepared by decomposition of an organic material 
(TDMAT) are common semiconductor manufacturing materials which display the described 
20 conformal performance. Both materials are perceived as being good barriers to Cu interdifflision, 
but are considered unattractive due to their high resistivity. The high resistive nature of the material 
would detrimentally effect the via resistance performance which must be maintained as low as 
possible to maximize logic device performance. Ideally, good barrier would line the sidewalls of 
the plug shown in Figure 1. 
25 Therefore, there is a need for a process sequence and related hardware which provides a good 

barrier layer on the via sidewall, but which does not negatively affect the resistance of the plug. 
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Summary of the Invention 

The present invention generally provides a process sequence and related hardware for filling 
a hole on a substrate with copper. The sequence comprises first forming a reliable barrier layer in 
the hole to prevent diffusion of the copper into the dielectric layer through which the hole is formed. 

One embodiment of the present invention comprises forming a generally conformal barrier 
layer over a patterned dielectric, etching the bottom of the hole, depositing a second barrier, and then 
filling the hole with copper. An alternative sequence comprises depositing a first barrier layer over 
a blanket dielectric layer, forming a hole through both the barrier layer and the dielectric layer, 
depositing a generally conformal second barrier layer in the hole, removing the barrier layer fi*om 
the bottom of the hole, and selectively filling the hole with copper. 



f ' Brief Description of the Drawing s 

§1 So that the manner in which the above recited features, advantages and objects of the present 

£i invention are attained and can be understood in detail, a more particular description of the invention, 
p briefly summarized above, may be had by reference to the embodiments thereof which are illustrated 
41 5 in the appended drawings. 

^1 It is to be noted, however, that the appended drawings illustrate only typical embodiments 

of this invention and are therefore not to be considered limiting of its scope, for the invention may 
admit to other equally effective embodiments. i . 
O Figure 1 is a prior art drawing showing a plug^iUed with copper having a good barrier layer 

i> 20 formed on the sidewalls of the plu^ 

Figures 2-5 show a partial cross-sectional view of a substrate having one process sequence 
of the present invention performed thereon; 

Figure 6 is a flow diagram of one process sequence of the present invention; 

Figiires 7-12 show a partial cross-sectional view of a substrate having another process 
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sequence of the present invention performed thereon; 

Figure 13 is a flow diagram of another process sequence of the present invention; 

Figure 14 is a schematic of a multichamber processing apparatus; 

Figure 1 5 is a cross-sectional view of a high density P VD process chamber; 

Figure 16 is a cross-sectional view of a high density CVD process chamber; and 

Figure 17 is a cross-sectional flow diagram of a computer controlled processing apparatus. 



Detailed Description of a Preferred Embodiment 

The present invention provides a process sequence and related hardware to form a copper 
(Cu) plug having a reliable barrier formed on the sidewall of the plug^to prevent Cu diffusion into 
the dielectric layer through which the plu^is formed. In one aspect of the invention, a sequence and 
related hardware are provided to form a copper plug by first depositing a generally conformal barrier 

Q rj layer, such as Si^Ny, over a substrate having a plug^ormed in a dielectric layer deposited thereon. 

J-— 

O h The substrate is then subjected to a pre-clean or other etch process to remove the barrier layer formed 
at the bottom of the plug^at the interface with the underlying layer, typically a metal layer or a silicon 
fl5 or polisilicon layer. A second barrier layer, such as a Ta, TaN, TiSiN or TaSiN layer, is then 
4=D deposited over the first barrier layer to provide good bottom coverage in the plu^and also to cover 
\|0 the comers of the plug^^ere the dielectric layer may have been exposed by the etching process. 

Copper is then deposited using a high density physical vapor deposition process followed by heated 
Cu planarization and high pressure fill, chemical vapor deposition or a combination of chemical 
20 vapor deposition followed by physical vapor deposition. 

In another aspect of the invention, a barrier layer, such as amorphous Si^Ny, is deposited on 
a substrate having a blanket dielectric layer, such as 8102, formed thereon. The substrate is then 
O patterned to open a plug^hrough both the barrier layer and the dielectric layer to expose the 
underlying layer. A conformal barrier layer is then formed over the patterned substrate surface 
25 including the sidewalls of the plug. The substrate is then subjected to a pre-clean or other etch 
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process to remove the bamer layer formed on the bottom of the plug at the interface with the 

underlying layer. Where the underlying layer is a nucleating material, such as Cu or other metal, Cu 

can be grown selectively within the plugjismg chemical vapor deposition techniques. Altematively, 

the IMP Cu process and pressure fill described above can be used to fill the plu^ 

Figures 2-6 illustrates and describe one process sequence of the present invention and will 

be described below. Figure 2 is a partial cross sectional view of a substrate having a plug 2(rTormed 

thereon through a dielectric layer 12 to an underlying metal layer 14. A conformal Si^Ny barrier 

layer 16 is formed over the pattemed surface by CVD techniques to form a generally conformal 

barrier layer on the sidewalls 18 and bottom of the plug^O. Next, the substrate is exposed to a pre- 

clean or other etching process to remove the portion of the Si^Ny layer 22 formed on the bottom of 

the plug^O at the interface with the underlying metal layer 14 as shown in Figure 3. Typically, the 

hole. 

etching process also removes material at the upper comers of the. plug 20 which may expose a 
portion of the dielectric layer 12. In addition, the deposition on the sidewalls of the^^pk*gs tends to 
be thinner at the bottom than at the top. Accordingly, a second barrier layer 24', such as Ta, TaN, 
TiSiN and/or TaSiN is sputter deposited using a high density plasma process, such as an ion metal 
plasma process, (commonly referred to by applicant as an IMP*'" process) onto the Si^Ny layer and 
exposed dielectric layer 12 as shown in Figure 4. Copper is then deposited using an IMP process 
followed by a warm Cu planarization and high pressure fill as shown in Figure 5, or deposited using 
chemical vapor deposition techniques or a combination of chemical vapor deposition techniques 
followed by physical vapor deposition techniques. Other Cu deposition techniques which are known 
to fill small features, such as electroplating, can also be used and are within the scope of the present 
invention. The process sequence is summarized in the flow diagram present in Figure 6. 

Figures 7-12 illustrate and describe another process sequence of the present invention and 
will be described below. Figure 7 shows a blanket dielectric layer 12 formed on a substrate having 
a barrier layer 15, such as an Si^Ny layer, formed thereon. In the sequence, a barrier layer 16, such 
as a Si^Ny layer, is first deposited on the dielectric layer 12. The substrate is then pattemed and 
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0 etched to form a plug^O through the barrier layers 15, 16 and the dielectric layer 12 as shown in 
Figure 8. Next, a second conformal barrier layer 30 (Si^Ny) is formed over the patterned surface as 
shown in Figure 9. The substrate is then exposed to a pre-clean or other etch process to remove the 
^ portion of the Si^Ny layer 30 formed on the bottom of the plug^O at the interface with the underlying 
O 5 layer as shown in Figure 10. Next, Cu can be selectively grown in the plu^in those applications 
where the underlying layer is a conductive layer which can nucleate CVD of Cu. Additionally, Cu 
can be sputter deposited in the plug^or Cu can be deposited using electroplating to complete the fill 
of the plug. Thereafter, the substrate can undergo chemical mechanical polishing to remove the 
J3 excess and unwanted material from the substrate and complete th ^Rjiuiation ofm b destrtrrfeature 
CfO as shown in Figure 12. Figure 13 is a flow diagram which summarizes the process sequence 

sili 

n| described above. 

A schematic of a multichamber processing apparatus 35 suitable for performing the CVD 
p processes of the present invention is illustrated in Figure 14. The apparatus is an "ENDURA" 
01 system commercially available from Applied Materials, Santa Clara, Califomia. The particular 
.^|5 embodiment of the apparatus 35 shown herein is suitable for processing planar substrates, such as 
semiconductor substrates, and is provided to illustrate the invention, and should not be used to limit 
S the scope of the invention. The apparatus 35 typically comprises a cluster of interconnected process 

j chambers, for example, CVD and PVD deposition and rapid thermal annealing chambers. 

In the context of contact hole filling, a high-density plasma is defined in one sense as one 
20 substantially filling the entire volume it is in and having an average ion density of greater than 
10^'cm'^ in the principal part of the plasma. The conventional plasma-enhanced PVD reactor 
produces a plasma of significantly lower ion density. Although high-density plasmas are available 
in a number of different types of reactors, they are preferably obtained in inductively coupled plasma 
reactors, such as the type shown in schematical cross-section in Figure 15. For reasons to be 
25 described shortly, this is referred to an ionized metal plasma (IMP) reactor. 

As shown in this figure, which is meant only to be schematical, a vacuum chamber 40 is 
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defined principally by a chamber wall 42 and a target backing plate 44. A PVD target 46 is attached 
to the target backing plate 44 and has a composition comprising at least part of the material being 
sputter deposited. For the deposition of both tantalum (Ta) and tantalum nitride (TaN), the target 
46 is made of tantalum. A substrate 48 being sputter deposited with a layer of a PVD film is 
supported on a pedestal electrode 50 in opposition to the target 46. Processing gas is supplied to the 
chamber 40 fi-om gas sources 52, 54 as metered by respective mass flow controllers 56, 58, and a 
vacuum pump system 60 maintains the chamber 40 at the desired low pressure. 

An inductive coil 62 is wrapped around the space between the target 46 and the pedestal 50. 
Three independent power supplies are used in this type of inductively coupled sputtering chamber. 
A DC power supply 64 negatively biases the target 46 with respect to the pedestal 50. An RF power 
source 66 supphes electrical power in the megahertz range to the inductive coil 62. The DC voltage 
applied between the target 46 and the substrate 48 causes the processing gas supplied to the chamber 
to discharge and form a plasma. The RF coil power inductively coupled into the chamber 40 by the 
coil 62 increases the density of the plasma, that is, increases the density of ionized particles. 
Magnets 58 disposed behind the target 46 significantly increase the density of the plasma adjacent 
to the target 46 in order to increase the sputtering efficiency. Another RF power source 70 applies 
electrical power in the fi-equency range of lOOKHz to a few megahertz to the pedestal 50 in order 
to bias it with respect to the plasma. 

Argon fi-om the gas source 54 is the principal sputtering gas. It ionizes in the plasma, and 
its positively charged ions are attracted to the negatively biased target 46 with enough energy that 
the ions sputter particles from the target 46, that is, target atoms or multi-atom particles are dislodged 
from the target. The sputtered particles travel primarily along ballistic paths, and some of them 
strike the substrate 48 to deposit upon the substrate as a film of the target material. If the target 46 
is tantalum and assuming no fiirther reactions, a tantalum film is thus sputter deposited, or in the case 
of an aluminum target, an aluminum film is formed. 

The apparatus also comprises a CVD deposition chamber 40 (shown in Figure 16) having 
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surrounding sidewalls 45 and a ceiling 50. The chamber 40 comprises a process gas distributor 55 
for delivering process gases into the chamber. Mass flow controllers and air operated valves are 
used to control the flow of process gases into the deposition chamber 40. The gas distributor 55 is 
typically mounted above the substrate (as shown), or peripherally about the substrate (not shown). 
A support 65 is provided for supporting the substrate in the deposition chamber 40. The substrate 
is introduced into the chamber 40 through a substrate loading inlet in the sidewall 45 of the chamber 
40 and placed on the support 65. The support 65 can be lifted or lowered by support lift bellows 70 
so that the gap between the substrate and gas distributor 55 can be adjusted. A lift finger assembly 
75 comprising lift fingers that are inserted through holes in the support 65 can be used to lift and 
lower the substrate onto the support to facilitate transport of the substrate into and out of the chamber 
40. A thermal heater 80 is then provided in the chamber to rapidly heat the substrate. Rapid heating 
and cooling of the substrate is preferred to increase processing throughput, and to allow rapid cycling 
between successive processes operated at different temperatures within the same chamber 65. The 
temperature of the substrate is generally estimated from the temperature of the support 65. 

The substrate is processed in a process zone 95 above a horizontal perforated barrier plate 
105. The barrier plate 105 has exhaust holes 1 10 which are in fluid communication with an exhaust 
system 1 15 for exhausting spent process gases from the chamber 40. A typical exhaust system 115 
comprises a rotary vane vacuum pump (not shown) capable of achieving a minimum vacuum of 
about 10 mTorr, and optionally a scrubber system for scrubbing byproduct gases. The pressure in 
the chamber 40 is sensed at the side of the substrate and is controlled by adjusting a throttle valve 
in the exhaust system 115. 

A plasma generator 1 16 is provided for generating a plasma in the process zone 95 of the 
chamber 40 for plasma enhanced chemical vapor deposition processes. The plasma generator 116 
can generate a plasma (i) inductively by applying an RF current to an inductor coil encircling the 
deposition chamber (not shown), (ii) capacitively by applying an RF current to process electrodes 
in the chamber, or (iii) both inductively and capacitively while the chamber wall or other electrode 
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is grounded. A DC or RF current at a power level of from about 750 Watts to about 2000 Watts can 
be applied to an inductor coil (not shown) to inductively couple energy into the deposition chamber 
to generate a plasma in the process zone 95. When an RF current is used, the frequency of the RF 
current is typically from about 400 KHz to about 16 MHZ, and more typically about 13.56 MHZ 
Optionally, a gas containment or plasma focus ring (not shown), typically made of aluminum oxide 
or quartz, can be used to contain the flow of process gas or plasma around the substrate. 

A pre-clean chamber which can be used to remove the barrier layer from the bottom of the 
plug is available from Applied Materials, Inc. of Santa Clara, Califomia. Additionally, other etch 
chambers known in the field could be used to remove the barrier layer as described. 

The process can be implemented using a computer program product 141 that runs on a 
conventional computer system comprising a central processor unit (CPU) interconnected to a 
memory system with peripheral control components, such as for example a 68400 microprocessor, 
commercially available from Synenergy Microsystems, Califomia. The computer program code can 
be written in any conventional computer readable programming language such as for example 68000 
assembly language, C, C-H-, or Pascal. Suitable program code is entered into a single file, or 
multiple files, using a conventional text editor, and stored or embodied in a computer usable 
medium, such as a memory system of the computer. If the entered code text is in a high level 
language, the code is compiled, and the resultant compiler code is then linked with an object code 
of precompiled windows library routines. To execute the linked compiled object code, the system 
user invokes the object code, causing the computer system to load the code in memory, from which 
the CPU reads and executes the code to perform the tasks identified in the program. 

Figure 17 shows an illustrative block diagram of the hierarchical control structure of the 
computer program 141. A user enters a process set and process chamber number into a process 
selector subroutine 142. The process sets are predetermined sets of process parameters necessary 
to carry out specified processes in a specific process chamber, and are identified by predefined set 
numbers. The process set the desired process chamber, and (ii) the desired set of process parameters 
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needed to operate the process chamber for performing a particular process. The process parameters 
relate to process conditions such as, for example, process gas composition and flow rates, 
temperature, pressure, plasma conditions such as RF and DC bias power levels and magnetic field 
power levels, cooling gas pressure, and chamber wall temperature. 

A process sequencer subroutine 143 comprises program code for accepting the identified 
process chamber and set of process parameters from the process selector subroutine 142, and for 
controlling operation of the various process chambers. Multiple users can enter process set numbers 
and process chamber numbers, or a user can enter multiple process set numbers and process chamber 
numbers, so the sequencer subroutine 143 operates to schedule the selected processes in the desired 
sequence. Preferably the sequencer subroutine 143 includes a program code to perform the steps of 

(i) monitoring the operation of the process chambers to determine if the chambers are being used, 

(ii) determining what processes are being carried out in the chambers being used, and (iii) executing 
the desired process based on availabiUty of a process chamber and type of process to be carried out. 
Conventional methods of monitoring the process chambers can be used, such as polling. AVhen 
scheduling which process is to be executed, the sequencer subroutine 143 can be designed to take 
into consideration the present condition of the process chamber being used in comparison with the 
desired process conditions for a selected process, or the "age" of each particular user entered request, 
or any other relevant factor a system programmer desires to include for determining scheduling 
priorities. 

Once the sequencer subroutine 143 determines which process chamber and process set 
combination is going to be executed next, the sequencer subroutine 143 causes execution of the 
process set by passing the particular process set parameters to the chamber manager subroutines 
144a-c which control multiple processing tasks in different process chambers according to the 
process set determined by the sequencer subroutine 143. For example, the chamber manager 
subroutine 144a comprises program code for controlling CVD process operations, within the 
described process chamber 40. The chamber manager subroutine 144 also controls execution of 
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various chamber component subroutines or program code modules, which control operation of the 
chamber components necessary to carry out the selected process set. Examples of chamber 
component subroutines are substrate positioning subroutine 145, process gas control subroutine 146, 
pressure control subroutine 147, heater control subroutine 148, and plasma control subroutine 149. 
These different subroutines function as seeding program code means for (i) heating the substrate to 
temperatures Ts within a range of temperatures a Tg, and (ii) introducing a reaction gases into the 
process zone to deposit a substantially continuous insulating layer on the field portions of the 
substrate; and deposition growth program code means for (i) maintaining the substrate at a 
deposition temperatures T^, within a range of temperature a T^, and (ii) introducing deposition gas 
into the process zone to form an epitaxial growth layer that is grown in the contact holes or vias. 
Those having ordinary skill in the art would readily recognize that other chamber control subroutines 
can be included depending on what processes are desired to be performed in the process chamber 
40. 

In operation, the chamber manager subroutine 144a selectively schedules or calls the process 
component subroutines in accordance within the particular process set being executed. The chamber 
manager subroutine 144a schedules the process component subroutines similarly to how the 
sequencer subroutine 143 schedules which process chamber 40 and process set is to be executed 
next. Typically, the chamber manager subroutine 144a includes steps of monitoring the various 
chamber components, determining which components need to be operated based on the process 
parameters for the process set to be executed, and causing execution of a chamber component 
subroutine responsive to the monitoring and determining steps. 

Example 1 

In one example, a process according to the present invention was performed on a wafer 
having a 0.25 via with about a 4:1 aspect ratio. The patterned wafer was first introduced into a 
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CVD chamber where about 50 A to about 100 A of Si^Ny was deposited on the wafer using CVD 
techniques. The wafer was then moved into a Pre-clean II chamber where the wafer was subjected 
to an argon/hydrogen etching environment for about 20 seconds. RF/DC powers of about 300/300W 
were used. Next, the wafer was moved into an IMP chamber where about 400 A of TaN was 
deposited on the wafer. Next, the wafer was introduced into a CVD chamber where about 400 A of 
CVD Cu was deposited on the wafer as a wetting layer. Then, Cu was sputtered onto the wafer to 
complete the fill of the via. 

Example 2 

In another example, a another process sequence of the present invention was performed on 
a wafer having a metal 1 feature, a barrier layer and a dielectric layer formed thereon. The wafer was 
first patterned and etched to form a via connecting the metal 1 feature. Next, the wafer was 
introduced into a CVD chamber where about 50 A to about 100 A of Si^Ny was deposited on the 
wafer using CVD techniques. The wafer was then moved into a Pre-clean II chamber where the 
wafer was subjected to an argon/hydrogen etching environment for about 20 seconds. RF/DC 
powers of about 300/300W were used. Next, the wafer was introduced into a CVD chamber where 
the via was selectively filled with Cu. 

While the foregoing is directed to the preferred embodiment of the present invention, other 
and further embodiments of the invention may be devised without departing from the basic scope 
thereof, and the scope thereof is determined by the claims which follow. 
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